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a b s t r a c t
Airway epithelium plays an important role in the asthma physiopathology. Aerobic exercise decreases
Th2 response in murine models of allergic asthma, but its effects on the structure and activation of
airway epithelium in asthma are unknown. BALB/c mice were divided into control, aerobic exercise,
ovalbumin-sensitized and ovalbumin-sensitized plus aerobic exercise groups. Ovalbumin sensitization
occurred on days 0, 14, 28, 42, and aerosol challenge from day 21 to day 50. Aerobic exercise started onpithelial cells
xidative stress
urinergic receptors
rowth factors
day 22 and ended on day 50. Total cells and eosinophils were reduced in ovalbumin-sensitized group
submitted to aerobic exercise. Aerobic exercise also reduced the oxidative and nitrosative stress and
the epithelial expression of Th2 cytokines, chemokines, adhesion molecules, growth factors and NF-kB
and P2X7 receptor. Additionally, aerobic exercise increased the epithelial expression of IL-10 in non-
sensitized and sensitized animals. These ﬁndings contribute to the understanding of the beneﬁcial effects
of aerobic exercise for chronic allergic airway inﬂammation, suggesting an immune-regulatory role of
exercise on airway epithelium.. Introduction
Traditionally, the airway epithelium has been considered a
rimary protective barrier against inhaled environmental tox-
ns and microorganisms; however, epithelial alterations have
een described in asthma, including goblet cell hypertrophy and
yperplasia, accumulations of sub-epithelial and intraepithelial
nﬂammatory cells, and mucus production (Broide et al., 2005;
ennard et al., 2005). In the past decade, the airway epithelium has
een recognizedas an importantmodulatorof inﬂammatoryevents
nd airway remodeling in asthma, secreting many inﬂammatory
ediators such as cytokines, chemokines, eicosanoids, growth fac-
ors, free radicals and nucleotides; moreover, it is recognized as a
ajor pulmonary source of transcription nuclear factor kB (NF-kB)
Bootset al., 2009;Boveet al., 2007;Broideet al., 2005; Fortezaet al.,
005; Pantano et al., 2008; Rennard et al., 2005; vanWetering et al.,
007). Importantly, eosinophil and Th2 lymphocyte recruitment to
∗ Corresponding author at: Sundgauallee 12-04-24, 79110, Freiburg, Germany.
el.: +49 0761 881 1429; fax: +49 0761 270 6362.
E-mail address: rodrelena@yahoo.com.br (R.P. Vieira).
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theasthmatic airwayshasalsobeenattributed toepithelial derivate
cytokine/chemokine production (van Wetering et al., 2007).
A growing number of studies have demonstrated that regular
aerobic exercise performed at low or moderate intensity decreases
eosinophilic and lymphocytary inﬂammation and Th2 immune
response in the murine model of allergic asthma (Hewitt et al.,
2009, 2010; Lowder et al., 2010; Pastva et al., 2004, 2005; Silva
et al., 2010; Vieira et al., 2007, 2008). These studies from our
group and others show that the effects of exercise are mediated
by reduced activation and expression of NF-kB, insulin like growth
factor 1 (IGF-1), RANTES (CCL2) and glucocorticoid receptors, as
well as the increased expression of interleukin 10 (IL-10) and the
receptor antagonist of IL-1 (IL-1ra) (Hewitt et al., 2009, 2010;
Lowder et al., 2010; Pastva et al., 2004, 2005; Silva et al., 2010;
Vieira et al., 2007, 2008). Beyond these anti-inﬂammatory effects,
aerobic exercise also reduces airway remodeling, including colla-
gen and elastic ﬁber deposition and airway smooth muscle and
Open access under the Elsevier OA license.epithelial cell hypertrophy and hyperplasia (Hewitt et al., 2009,
2010; Lowder et al., 2010; Pastva et al., 2004, 2005; Silva et al.,
2010; Vieira et al., 2007, 2008). Reinforcing the relevance of those
ﬁndings, the anti-inﬂammatory effects of aerobic exercise are not
limited to the airways but reach the lung vessels and parenchyma
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Vieira et al., 2008). However, until now, no study has evaluated
he effects of aerobic exercise on the immunomodulatory role
f airway epithelial cells in a murine model of allergic airway
nﬂammation.
Therefore, in the present study, we were able to demon-
trate that low-intensity aerobic exercise speciﬁcally reduces the
asthmatic” epithelial response in mice, including oxidative and
itrosative stress, P2X7 receptor expression and the synthesis of
h2 cytokines, chemokines, adhesion molecules, growth factors,
roteases and tissue inhibitors of proteases,which are proteins that
egulate airway inﬂammation, remodeling and hyperresponsive-
ess in asthma.
We state that the histological and immunohistochemical anal-
sis of airway epithelium performed in the present study was
erformed in lungs obtained from previous studies (Vieira et al.,
007, 2008).
. Materials and methods
This study was approved by the review board for human and
nimal studies of the School of Medicine of the University of Sao
aulo, process number 503/05.
.1. Animals and experimental groups
Thirty-two male BALB/c mice (20–25g) were divided in 4
roups (n=8 each): non-sensitized and non-trained (control
roup); non-sensitized and trained at low intensity (AE group);
valbumin (OVA)-sensitized and non-trained (OVA group), and
VA-sensitized and trained at low intensity (OVA+AE group).
.2. OVA sensitization
Four intraperitoneal (i.p.) injections of OVA (20g per mouse)
dsorbed with aluminum hydroxide or saline solution for con-
rol groups (non-sensitized mice) were performed on days 0, 14,
8 and 42. Twenty-one days after the ﬁrst i.p. injection, mice
ere challenged with aerosolized OVA (1%) or with a saline solu-
ion 3 times a week until the 50th day (Vieira et al., 2007,
008). The OVA aerosol was always performed between 17:00 and
8:00.
.3. Treadmill aerobic training and test
Initially, mice were adapted to the treadmill for 3 days (15min,
5% inclination, 0.2 km/h). After that, a maximal exercise capac-
ty test was performed with a 5-min warm-up (25% inclination,
.2 km/h) followed by an increase in treadmill speed (0.1 km/h
very 2.5min) until animal exhaustion, i.e., until theywere not able
o run even after 10 gentle mechanical stimuli (Vieira et al., 2007,
008). The test was repeated after 30 days (before euthanasia).
aximal physical exercise capacity (100%) was established as the
aximal speed reached by each animal (Vieira et al., 2007, 2008).
ice were trained with low-intensity exercise (50% of maximal
peed) for 60min a day, ﬁve days a week, for four weeks. Aerobic
onditioning started on the 1st day after OVA or saline inhalation
Vieira et al., 2007, 2008). The exercise bout was always performed
etween 10:00 and 12:00.
.4. Bronchoalveolar lavage ﬂuid (BALF)Animals were anesthetized using an injection of ketamine
50mg/kg) and xylazine (40mg/kg), tracheostomized and cannu-
ated for BALF collection. BALF samples (1ml) were collected after
ashing the lungs with 1.5ml of sterile saline and centrifuged
t 800 rpm for 10min at 4 ◦C. The cell pellet was resuspendedNeurobiology 175 (2011) 383–389
in sterile saline and a total cell count was performed using a
Neubauer chamber. The differential cell count was performed by
microscopic examination using cytocentrifuge slides stained with
May–Grünwald–Giemsa, and 300 cells were counted per slide
(Vieira et al., 2007). The number of eosinophils, neutrophils, leuko-
cytes and macrophages and also epithelial cells were counted.
After BALF collection, animals were euthanized by exsanguination
(Vieira et al., 2007, 2008).
2.5. Lung histology and immunohistochemistry
Lungs were removed in block, ﬁxed in formalin and embedded
in parafﬁn. Section of a 5-m thickness was stained with periodic
acid Schiff with alcian blue (PAS/AB) for the evaluation of the vol-
ume proportion of ciliated to secretory cells and for the evaluation
of the volume proportion of acidic to neutral mucus production
(Harkemaet al., 1987). Epithelial cell density andmucusproduction
in the airway were quantiﬁed by the morphometric method using
a 100-points/50-intercepts grid with a known area (10,000m2
at a 1000× magniﬁcation) attached to the microscope eyepiece.
The number of points hitting on the neutral and acidic mucus, on
the goblet and ciliated epithelial cells into the airway epithelium
area (located between the internal limit of airway epithelium and
the epithelial basal membrane) was counted and a volume propor-
tion (percentage) between the total epithelial area for the points
in ciliated and secretory cells and in acidic and neutral mucus was
calculated. The measurement was performed in 5 complete air-
ways (basal membrane between 1mm to 2mm) of each animal at
1000× magniﬁcation (Broide et al., 2005; Vieira et al., 2007). These
data represent the responses measured from the entire tracheo-
bronchial tree.
Immunohistochemistrywas performedwith the following anti-
bodies: interleukin 4 (IL-4), IL-5, IL-13, eotaxin (CCL11), RANTES
(CCL5), VCAM-1, ICAM-1, neuronal nitric oxide synthase (nNOS),
nuclear factor kB (NF-kB), IL-10, interferon gamma (IFN-gamma),
IL-2, GP91phox, 3-nitrotyrosine, 8-Iso-PGF2alpha (8-isoprostane),
superoxide dismutase 1 (SOD-1), SOD-2, glutathione peroxidase
(GPX), insulin like growth factor 1 (IGF-1), epidermal growth factor
receptor (EGFr), vascular endothelial growth factor (VEGF), trans-
forming growth factor beta (TGF-beta), matrix metaloprotease 9
(MMP-9), MMP-12, tissue inhibitor of matrix metaloprotease 1
(TIMP-1), TIMP-2, purinergic receptor 7 (P2X7R) (Santa Cruz, CA,
USA), inducible nitric oxide synthase (iNOS) and endothelial nitric
oxide synthase (eNOS) (Labvision, Neomarkes, CA, USA) through
the biotin–streptavidin peroxidase method. An ABC Vectastin Kit
(Vector Elite PK-6105 or PK-6101) was used as the secondary
antibody and 3,3-diaminobenzidine (Sigma Chemical Co., St Louis,
MO, USA) was used as the chromogen. The sections were coun-
terstained with Harris hematoxylin (Merck, Darmstadt, Germany).
The epithelium area was measured, as was the positive area for
each antibody described above using an image analysis program
(Image-Pro Plus; Media Cybernetics, Silver Spring, MD, USA). The
results are expressed as the percentage of positive area immunos-
tained in relation to total epithelium area (Broide et al., 2005).
Measurements were performed for the epithelium of 5 complete
airways in each animal at a 400× magniﬁcation in a blinded
fashion.
2.6. Statistical analysis
A one-way ANOVA followed by a Student–Newman–Keuls post
hoc test (parametric data) and a one-way ANOVA on ranks fol-
lowedby aDunn’s post hoc test (nonparametric data)were used for
the comparison of the different parameters among groups. Values
were expressed as mean± SEM. The level of signiﬁcance was set at
p<0.05.
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Table 1
Treadmill physical exercise test.
Groups Time test (min) p-Value
Control 1.90 ± 4.24 >0.05
AE 13.17 ± 5.09* <0.001
OVA 1.93 ± 3.66 >0.05
OVA+AE 11.31 ± 3.00* <0.001
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che treadmill physical exercise test was performed before and after 30 days of exer-
ise training. Results are expressed as mean± SD and represent the difference in
inutes between the time reached in the last and ﬁrst physical test.
* p<0.001 when compared with the control and OVA groups.
. Results.1. Physical exercise capacity
Table 1 shows the average increase of each group in time of
xercise between the initial and ﬁnal tests for all groups. All trained
ig. 1. The number of total cells, eosinophils and epithelial cells in the bronchoalveolar
irway epithelium (B); Th2 cytokines IL-4, IL-5 and IL-13 (C); chemokines CCL11 and CC
FN-gamma, NF-kB and IL-10 (F). In panel A, *p<0.001 for total cells and eosinophils wh
ells when compared with the control and OVA groups. In panel B for goblet cells, *p<0
p<0.05 when compared among all groups and for neutral mucin *p<0.05 when compare
nd IL-5 when compared among all groups. In panel D, *p<0.001 for CCL11, CCL5, ICAM-1
ompared among all groups. In panel F, *p<0.001 for NF-kB when compared among all gr
ompared with the OVA group.Neurobiology 175 (2011) 383–389 385
groups, regardless of whether they were sensitized, presented an
increase in physical exercise capacity when compared with the
non-trained groups (control and OVA groups) (p<0.001). No dif-
ference was found among the trained groups (p>0.05).
3.2. BALF cells and epithelial structure
Fig. 1A presents data supporting that OVA sensitization
increases the number of total cells and eosinophils in BALF
comparedwith the control group (p<0.01). The results alsodemon-
strate that AE in sensitized animals (OVA+AE group) reduces the
number of total cells andeosinophils comparedwith theOVAgroup
(p<0.05). Fig. 1B shows that OVA sensitization increases the per-
centageof goblet cells andneutralmucinproduction (p<0.001) and
reduces the percentage of ciliated cells (p<0.001) when compared
with the control group. The results also demonstrate that AE in
OVA sensitized animals (OVA+AE group) reduces the percentage
lavage (A), volume proportion of goblet cells, ciliated cells and neutral mucus in
L5 and adhesion molecules ICAM and VCAM (D); eNOS, nNOS and iNOS (E); IL-2,
en compared with the control, AE and OVA+AE groups and *p<0.05 for epithelial
.001 when compared with the control and AE groups; for epithelial ciliated cells,
d with the control and AE groups. In panel C, *p<0.001 for expression of IL-13, IL-4
and VCAM-1 when compared among all groups. In panel E, *p<0.05 for iNOS when
oups, *p<0.01 for IL-10 when compared with the control group and #p<0.01 when
386 R.P. Vieira et al. / Respiratory Physiology & Neurobiology 175 (2011) 383–389
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gig. 2. In panel A, *p<0.001 for GP91phox, 3-nitrotyrosine and 8-isoprostane whe
ontrol group. In panel B, *p<0.01 for GPX when compared with the OVA and OVA
f goblet cells (p<0.01) but not of neutral mucin (p>0.05) when
ompared with the OVA group.
.3. Epithelial expression of inﬂammatory mediators
Fig. 1C shows that OVA sensitization increases the epithelial
xpression of IL-13, IL-4 and IL-5 when compared with the con-
rol group (p<0.001) and that AE in sensitized animals (OVA+AE
roup) reduces the expression of those molecules when com-
ared with the OVA group (p<0.001). Fig. 1D shows that similarly
o Th2 cytokines, OVA sensitization increases the expression of
CL11, CCL5, ICAM-1 and VCAM-1 when compared with the con-
rol group (p<0.001) and that AE in sensitized animals (OVA+AE
roup) reduces the expression of those molecules when com-
ared with the OVA group (p<0.001). Fig. 1E shows that epithelial
xpression of eNOS and nNOS was unchanged when compared
cross all groups, that OVA sensitization increased the epithe-
ial expression of iNOS when compared with the control group
p<0.01) and that AE in OVA-sensitized animals (OVA+AE group)
educes the expression of iNOS when compared with the OVA
roup (p<0.05). Fig. 1F shows that Th1 cytokine expression (IL-
and IFN-gamma) remained unchanged in all groups and that
F-kB expression was increased in the OVA group compared
ith the control group (p<0.001) and decreased by AE (OVA+AE
roup) (p<0.001). The expression of IL-10 was increased in the
E, OVA and OVA+AE groups when compared with the con-
rol group (p<0.01). The AE and OVA+AE groups presented an
ncreased expression of IL-10 when compared with the OVA group
p<0.05).
ig. 3. In panel A, *p<0.01 for IGF-1, EGFr, VEGF and TGF-beta when compared among a
roups and *p<0.05 for TIMP-1 when compared among all groups.pared among all groups. In panel B, *p<0.01 for SOD-1 when compared with the
roups.
3.4. Oxidative and nitrosative stress and the antioxidant system
in airway epithelium
Fig. 2A demonstrates that OVA sensitization induces an increase
in the epithelial expression of GP91phox and 3-nitrotyrosine and
the peribronchial accumulation of 8-isoprostane when compared
with the control group (p<0.001). The results alsodemonstrate that
sensitized animals, when submitted to low intensity aerobic exer-
cise (OVA+AEgroup), presented a reductionof all theseparameters
(p<0.001). Fig. 2B demonstrates that AE, OVA and OVA+AE pre-
sented an increased epithelial expression of SOD-1when compared
with the control group (p<0.05). Fig. 2B also demonstrates that the
epithelial expression of SOD-2 was not changed in any group and
that the epithelial expression of GPX was reduced in the OVA and
OVA+AE groups when compared with the control and AE groups
(p<0.05).
3.5. Epithelial expression of growth factors, MMPs and TIMPs
Fig. 3A demonstrates that OVA sensitization increased the
epithelial expression of IGF-1, EGFr, VEGF and TGF-beta when
compared with the control group (p<0.001). The results also
show that AE in sensitized animals (OVA+AE group) reduces the
epithelial expression of these important growth factors (p<0.001).
Fig. 3B demonstrates that OVA sensitization increases the epithe-
lial expression of MMP-12, TIMP-1 and TIMP-2 when compared
with the control group (p<0.001). The results also show that AE in
sensitized animals (OVA+AE group) reduces the epithelial expres-
sion of MMP-12 and TIMP-2 (p<0.05), but not of TIMP-1 (p>0.05).
ll groups. In panel B, *p<0.001 for MMP-12 and TIMP-2 when compared among all
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uig. 4. Epithelial expression of P2X7 receptor. *p<0.001 when compared among all
roups.
he epithelial expression of MMP-9 remained unchanged when
ompared among all groups.
.6. Epithelial expression of P2X7R
Fig. 4 shows that OVA sensitization induces a strong epithe-
ial expression of P2X7R when compared with the control group
p<0.001). The results also demonstrate that AE in sensitized ani-
als decreases the epithelial expression of P2X7R when compared
ith theOVA group (p<0.001). Fig. 5A–D shows photomicrographs
f the epithelial expression of IL-4, CCL11, TGF-beta and P2X7R
respectively, from A to D) in the control, AE, OVA and OVA+AE
roups.
ig. 5. Representative photomicrographs of the epithelial expression of IL-4 (A), CCL11 (
p-left quarter is control group, up-right quarter is ova group, down-left quarter is AE groNeurobiology 175 (2011) 383–389 387
4. Discussion
In the present study, we showed for the ﬁrst time that air-
way epithelium is involved in the anti-inﬂammatory effects of
aerobic exercise in an asthma model by reducing both oxida-
tive and nitrosative stress and the epithelial expression of Th2
cytokines, chemokines, adhesion molecules, growth factors and
matrix metaloproteases. This study also demonstrates that part of
these anti-inﬂammatory effects seem to be mediated by a reduced
epithelial expression of NF-kB and purinergic receptor P2X7 and by
an increased epithelial expression of IL-10.
4.1. Structural alterations of epithelial cells in asthma and
exercise
Many distinct epithelial cell types are present in the human res-
piratory epithelium, and based on ultrastructural, functional and
biochemical criteria, these types are classiﬁed as basal, ciliated or
secretory (Spina, 1998). Ciliated epithelial cells are the predom-
inant cell type within the airways, accounting for over 50% of
all epithelial cells (Spina, 1998). However, epithelial damage and
desquamation as well as epithelial hyperplasia of goblet cells and
hyper-production of mucus have been described in asthma, con-
tributing to a productive cough and airway obstruction (Knight and
Holgate, 2003; Lumsden et al., 1984). Interestingly, in the present
study, the control grouppresented a similar proportionof epithelial
ciliated cells to what has been described in human beings with-
out respiratory disease. In addition, OVA-induced airway allergic
inﬂammation decreased the volume proportion of epithelial cili-
ated cells and increased the volume proportion of goblet cells, a
pattern that has been previously described in asthmatic patients
(Knight and Holgate, 2003; Lumsden et al., 1984; Spina, 1998). In
B), TGF-beta (C) and P2X7R (D) in all groups. Scale bar =25m. In all panels (A–D),
up and down-right quarter is OVA+AE group.
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he present study, we also observed that aerobic exercise (AE), in
ither non-sensitized or sensitized animals, increased the num-
er of epithelial cells and decreased the number of ciliated cells in
AL ﬂuid, phenomena previously elegantly demonstrated in non-
ensitized animals Chimenti et al. (2007). In this study, the authors
lso demonstrated that although AE increased the apoptosis of
pithelial cells, the stimulus for epithelial proliferation was higher,
esulting in a positive balance or turnover of airway epithelial cells
Chimenti et al., 2007). Concerning the effects of AE on the airway
pithelial cells of animals with allergic airway inﬂammation, we
bserved that although AE decreased goblet cell hyperplasia, it did
ot modify mucus production (Fig. 1B).
.2. Immunomodulatory response of airway epithelium to allergy
nd exercise
Although the functions of airway epithelium were initially
escribed as protective, in the last few years, a variety of
mmunomodulatory effects have been attributed to these cells, i.e.,
he secretion of cytokines, chemokines, free radicals and growth
actors (Bedard and Krause, 2007; Boots et al., 2009; Bove et al.,
007; Broide et al., 2005; Dugger et al., 2009; Forteza et al., 2005;
antanoet al., 2008;Rennard et al., 2005; vanWetering et al., 2007).
n the present study, we demonstrate that AE in sensitized animals
ecreases OVA-induced epithelial expression of IL-4, IL-5, IL-13,
CL11, CCL5, adhesion molecules ICAM-1 and VCAM-1, iNOS and
F-kB. In addition, AE increased the epithelial expression of anti-
nﬂammatory cytokine IL-10 (Fig. 1). These results are extremely
elevant, as AE reduces the epithelial expression of the main pro-
eins involved in the inﬂammatory process in asthma, which are
elated to the eosinophilic and lymphocytic migration to the air-
ays as well as to airway remodeling (Lilly et al., 1997; Puxeddu
t al., 2006; van Wetering et al., 2007; Wilson et al., 2001; Wong
t al., 2006).
.3. Epithelial oxidative and nitrosative response to airway
nﬂammation and exercise
In the present study, we also observed that AE reduced the
pithelial expressionofGP91phoxand3-nitrotyrosineand theperi-
ronchial expression of 8-isoprostane (Fig. 3A). Increased levels
f reactive oxygen (ROS) and nitrogen species (RNS) in asthma
ave been related with the release of pro-inﬂammatory and pro-
brotic molecules through NF-kB activation (Bedard and Krause,
007). Interestingly, our results demonstrate for the ﬁrst time
hat AE reduces the expression of GP91phox and 3-nitrotyrosine,
hich are markers of oxidative and nitrosative stress, respectively
Fig. 2A). We also demonstrated that AE reduced the accumula-
ion of 8-isoprostane in the airway wall, which is an important
arker of oxidative/nitrosative damage (Roberts and Morrow,
000). The reduced expression of GP91phox, 3-nitrotyrosine and
-isoprostane is of note, one time that thesemolecules are involved
n many pro-inﬂammatory responses in the asthmatic airways
Bedard and Krause, 2007). GP91phox (also called NOX2) is a
ub-unit of reduced nicotinamide adenine dinucleotide phos-
hate (NADPH) oxidase (NOX), and it represents the major source
f superoxide anion during the oxidative burst, whereas 3-
itrotyrosine is an important reactive nitrogen species (Bedard
nd Krause, 2007). Herein, our data clearly show that AE has a
irect effect on the reduction of oxidative oxygen species formation
GP91phox) and also in reactive nitrogen species (3-nitrotyrosine)
ynthesis, effects that were not mediated by the increased expres-
ion of anti-oxidant enzymes superoxide dismutase 1 (SOD-1),
OD-2 and glutathione peroxidase (GPX) (Fig. 2B). These data
ecame especially important, one time that ROS and RNS induce
he release of growth factors, matrix metalloproteinases (MMPs),Neurobiology 175 (2011) 383–389
and cytokines release (Bedard and Krause, 2007), responses that
were also observed in the present study (Fig. 2A and B). However,
although AE reduced the expression of GP91phox, 3-nitrotyrosine
and 8-isoprostane in OVA-sensitized animals, in the present study
we were not able to demonstrate such AE effects were responsible
for reduction in the eosinophilic inﬂammation.
4.4. Inﬂuence of sensitization and exercise on epithelial-derived
growth factors, metalloproteases and anti-metalloproteases
Interestingly, we also observed that AE reduces OVA-induced
epithelial expression of growth factors, insulin-like growth factor 1
(IGF-1), epithelial growth factor receptor (EGFr), vascular endothe-
lial growth factor (VEGF) and transforming growth factor beta
(TGF-beta) in sensitized animals (Fig. 3A); all of these factors are
known to be important mediators of airway remodeling in asthma
(Bove et al., 2007; Davies, 2009). These effects of AE on growth fac-
tors expression are very relevant because results from our group
and others have demonstrated that AE reduces airway remod-
eling (Hewitt et al., 2009, 2010; Pastva et al., 2004, 2005; Silva
et al., 2010; Vieira et al., 2007, 2008). Then, although in the present
studywe cannot establish a causal relationship between the down-
regulatory effects of AE on epithelial expression of growth factors
with the anti-ﬁbrotic effects of AE on asthma model (see Pastva
et al., 2004, 2005; Silva et al., 2010; Vieira et al., 2007, 2008), we
can demonstrate for the ﬁrst time that AE could exert some effect
on the expression of growth factors involved in airway remodeling
process in asthma. Additionally, we also observed that AE reduces
theOVA-induced epithelial expression ofmatrixmetalloproteinase
12 (MMP-12), tissue inhibitor of metalloproteinase 1 (TIMP-1) and
TIMP-2 (Fig. 3B). Increased expressions of MMP-12 (Dolhnikoff
et al., 2009) as well as TIMP-1 and TIMP-2 (Chiba et al., 2007)
have been demonstrated in the airways of rats with allergic air-
way inﬂammation and also of asthmatic patients, results which are
in agreement with the ﬁndings of this study. Increased expression
of matrix metalloproteinases (MMPs) are involved in the degrada-
tion of different extracellular proteins matrix (i.e. collagen, elastin,
laminins and proteoglycans), leading some cell types (i.e. ﬁbrob-
lasts) to respond toabnormalproductionofproteinsof extracellular
matrix, causingﬁbrosis (Chiba et al., 2007;Davies, 2009;Dolhnikoff
et al., 2009). Then, the ﬁndings showed in the present study suggest
that AE can modulate the expression MMPs and TIMPs, and further
studies are necessary to elucidate the mechanisms involved in the
response.
4.5. Inﬂuence of sensitization and exercise on epithelial
expression of purinergic receptor P2X7
Finally, we evaluated the epithelial expression of P2X7 recep-
tor (P2X7R) as a possible mechanism of AE regulating allergic
airway inﬂammation and remodeling. We found that sensitized
animals presenteda signiﬁcant increase in the epithelial expression
of P2X7R, whereas AE reduced its expression (Fig. 4), suggesting
an inhibitory effect of AE on the upregulation of P2X7R induced
by OVA. P2X7R is a plasma membrane receptor and a gated-
channel/pore receptor that is activated by extracellular adenosine
triphosphate (ATP) andexpressed in lungepithelial cells (Burnstock
et al., 2010; Ferrari et al., 2006; Muller et al., 2010). P2X7R is
involved in the regulationof the immunesystem, including the con-
trol of pro-inﬂammatory cytokines (Ferrari et al., 2006). A recent
study demonstrated that P2X7R is upregulated and involved in
the development of airway inﬂammation and remodeling (Muller
et al., 2010). However, this is just the ﬁrst demonstration that AE
reduces P2X7R expression in animals with chronic allergic airway
inﬂammation, and further studiesusingP2X7Rknockoutanimalsor
speciﬁc P2X7R inhibitors (i.e. KN62) are necessary to better under-
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tand the possible role of P2X7R in the anti-inﬂammatory effects of
E on asthma. Thus, in the present study we cannot demonstrate
he causal relationship between the AE-reduce P2X7R expression
nd its anti-inﬂammatory effects.
Therefore, we conclude that aerobic exercise modulates the
pithelial response in an animal model of asthma by reduc-
ng the epithelial expression of important pro-inﬂammatory and
ro-ﬁbrotic mediators, as well as by increasing expression of anti-
nﬂammatory cytokine IL-10. However, additional studies aiming
o investigate a causal relationship between these exercise-reduce
pithelial expression of pro-inﬂammatory molecules are required.
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